Burkholderia pseudomallei, a facultative intracellular pathogen, causes severe infections and is inherently refractory to many antibiotics. Previous studies from our group have shown that interferon gamma (IFN-␥) interacts synergistically with the antibiotic ceftazidime to kill bacteria in infected macrophages. The present study aimed to identify the underlying mechanism of that interaction. We first showed that blocking reactive oxygen species (ROS) pathways reversed IFN-␥-and ceftazidime-mediated killing, which led to our hypothesis that IFN-␥-induced ROS interacted with ceftazidime to synergistically kill Burkholderia bacteria. Consistent with this hypothesis, we also observed that buthionine sulfoximine (BSO), another inducer of ROS, could substitute for IFN-␥ to similarly potentiate the effect of ceftazidime on intracellular killing. Next, we observed that IFN-␥ induced ROS-mediated killing of intracellular but not extracellular bacteria. On the other hand, ceftazidime effectively reduced extracellular bacteria but was not capable of intracellular killing when applied at 10 g/ml. We investigated the exact role of IFN-␥-induced ROS responses on intracellular bacteria and notably observed a lack of actin polymerization associated with Burkholderia bacteria in IFN-␥-treated macrophages, which led to our finding that IFN-␥-induced ROS blocks vacuolar escape. Based on these results, we propose a model in which synergistically reduced bacterial burden is achieved primarily through separate and compartmentalized killing: intracellular killing by IFN-␥-induced ROS responses and extracellular killing by ceftazidime. Our findings suggest a means of enhancing antibiotic activity against Burkholderia bacteria through combination with drugs that induce ROS pathways or otherwise target intracellular spread and/or replication of bacteria.
B
urkholderia pseudomallei, the causative agent of melioidosis, is a Gram-negative, facultative intracellular pathogen that causes potentially lethal acute infections and occasionally chronic systemic infections in humans and animals (1) (2) (3) . B. pseudomallei can invade and thrive inside professional phagocytes and nonphagocytic cells alike (4) (5) (6) , and the stages of its intracellular pathogenesis are well defined (7) (8) (9) . After uptake into a cell, Burkholderia bacteria escape from the phagosome into the cytoplasm, where they replicate, polymerize host cell actin, and spread to neighboring cells, usually causing cell fusion and multinucleated giant cell formation (5, (8) (9) (10) (11) (12) (13) .
Treatment of B. pseudomallei infection currently involves inhospital administration of intravenous antibiotics followed by a lengthy eradication phase with oral antibiotics (2, 3, 14) . With such an invasive and expensive treatment regimen, there is a great chance of noncompliance, which can lead to persistent infection. Therefore, there is a need to identify new treatments which may both accelerate recovery and make treatment administration more practical in areas where access to health care may be limited.
Recent melioidosis research has focused on understanding and characterizing the natural host immune responses to B. pseudomallei infection, specifically in regard to the effects of interferon gamma (IFN-␥). Studies show that IFN-␥ is absolutely necessary for protection against acute melioidosis (15) (16) (17) . There is also a known role for reactive oxygen species (ROS) responses due to IFN-␥ stimulation in controlling early infection with B. pseudomallei (16, 18) . While the effects of IFN-␥ on infected macrophages have been studied in great detail (18) (19) (20) (21) (22) , there are few studies that look at the combination of immune stimulation with antibiotic treatment, even though this scenario is realistically encountered in patients treated for melioidosis. Our lab has studied these immuno-antimicrobial interactions and has previously shown that treatment with IFN-␥ can synergistically enhance the effect of ceftazidime treatment in controlling B. pseudomallei infection, both in vitro and in vivo, by significantly reducing intracellular bacterial burden (23) . For this study, we used a combination of in vitro techniques to investigate the underlying mechanism of the interaction between IFN-␥ and ceftazidime on killing of intracellular bacteria. From this, we developed a new model by which IFN-␥ induces host antimicrobial pathways to control intracellular bacterial burden, and these pathways synergize with antibiotics to reduce overall bacterial burden of the macrophage environment.
MATERIALS AND METHODS

Biochemicals.
Ceftazidime hydrate, N-acetyl L-cysteine (NAC), reduced L-glutathione (GSH), ammonium chloride (NH 4 Cl), aminoguanidinehydrochloride, and L-buthionine sulfoximine (BSO) were purchased from Sigma-Aldrich (St. Louis, MO). Other reagents included recombi-nant murine IFN-␥ (Peprotech, Rocky Hill, NJ), Griess reagents R1 and R2 (Cayman Chemical, Ann Arbor, MI), ketamine (Fort Dodge Animal Health, Overland Park, KS), and xylazine (Ben Venue Labs, Bedford, OH). For flow cytometry and fluorescence microscopy, we purchased the following biochemicals from Life Technologies (Carlsbad, CA): Alexa Fluor 488-conjugated phalloidin, ProLong Gold antifade mounting medium with 4=,6-diamidino-2-phenylindole (DAPI), 6-carboxy-2=,7=-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA), monochlorobimane (mBCl), Alexa Fluor 488 streptavidin-conjugated antibody, and trypsin with EDTA. Other reagents included lysosome-associated membrane protein (LAMP) antibody (eBioscience, San Diego, CA), rabbit polyclonal anti-B. pseudomallei antibody (provided by D. Waag from USAMRIID), and goat anti-rabbit secondary IgG antibody conjugated to Cy3 (Jackson ImmunoResearch Labs, West Grove, PA).
Bacteria. Burkholderia thailandensis E264 and B. pseudomallei 1026b strains were used for these studies (24, 25) . Both strains were grown in Luria-Bertani broth at 37°C with rotary shaking for 16 h and then stored at Ϫ80°C with 15% glycerol until needed. Frozen vials of bacteria were thawed and diluted immediately prior to their use. Mid-logarithmicphase bacteria were grown for approximately 3 h with rotary shaking from a 1:25 dilution of an overnight culture until an optical density at 600 nm of 0.5 to 0.8 was reached.
Cell lines. RAW 264.7, J774A.1, and AMJ2 macrophage cell lines and murine fibroblast cell line L929 were purchased from American Type Tissue Collection (Manassas, VA). Cell lines were maintained in complete medium consisting of minimum essential medium (MEM; Life Technologies) supplemented with 10% fetal bovine serum (Atlas, Fort Collins, CO), 0.075% sodium bicarbonate (Acros Organics, New Jersey), 1ϫ nonessential amino acids, 0.5ϫ essential amino acids (Life Technologies), and 2 mM L-glutamine (Sigma-Aldrich). Antibiotic additions of 100 units/ml penicillin and 100 g/ml streptomycin (Life Technologies) were added to media for maintenance of cell lines, while all experiments were conducted in antibiotic-free medium. All cells were maintained at 37°C with 5% CO 2 .
Mice. Female BALB/c, C57BL/6, and ICR mice were used for these studies. The BALB/c and C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME). The ICR mice were purchased from Harlan Laboratories (Indianapolis, IN). All mice were between 6 to 12 weeks old at the time of their use and were housed under pathogen-free conditions. All animal studies were approved by the Institutional Animal Care and Use Committee at Colorado State University.
Primary bone marrow macrophage culture. Bone marrow macrophages were generated as previously described (26) . Briefly, femurs and tibias were aseptically removed from mice and flushed of their bone marrow using needles and syringes. Red blood cells were lysed, and the remaining white blood cells were plated in 24-well plates at a concentration of 2 ϫ 10 6 cells/ml in complete medium (cMEM) as described above. The addition of 10% L929-conditioned medium provided necessary growth factors for differentiation of myeloid progenitor cells into the macrophage/monocyte lineage. Adherent cells were incubated at 37°C and 5% CO 2 until macrophages reached moderate confluence in wells (approximately 8 to 12 days).
Resting macrophage infection assay. Macrophages were infected and treated as previously described (23) . Briefly, macrophages were seeded into 24-well plates with cMEM (see above) and allowed to adhere overnight. B. thailandensis was added to macrophages at a multiplicity of infection of 5 and incubated for 1 h at 37°C in 5% CO 2 . After a 2-ml wash with phosphate-buffered saline (PBS), macrophages were exposed to 1 ml of high-dose kanamycin-sulfate (350 g/ml) for 1 h to kill extracellular bacteria. After two 2-ml washes with PBS, macrophage treatments were diluted in MEM and applied to wells at a total volume of 0.5 ml/well and incubated for 18 h at 37°C in 5% CO 2 . After 18 h, treatment groups were at least 75% viable compared to the untreated control (K. Mosovsky and S. Dow, unpublished data). Extracellular bacteria were then washed off three times with PBS, and macrophages were lysed with 1 ml of sterile distilled water. Intracellular bacterial burden was then assessed by plating serial dilutions of the lysates on LB agar followed by colony counts 24 to 48 h after plating. For experiments that aimed to quantitate extracellular bacterial numbers after the 18-h treatment period, supernatants were first gently pipetted up and down to resuspend bacteria in wells without disturbing the adhered macrophages. Then, extracellular bacteria were quantitated by plating serial dilutions of the supernatants onto LB agar, followed by colony counts 24 to 48 h later.
Fluorescence microscopy. At the indicated times, chamber slides containing B. thailandensis-infected macrophages were fixed with a solution of paraformaldehyde and permeabilized with 0.1% Triton X-100. Macrophages were incubated overnight at 4°C with rabbit anti-Burkholderia serum followed by a secondary goat anti-rabbit IgG antibody conjugated to Cy3. Phalloidin was added at 5 units/well for 30 min to stain actin filaments, and lysosome compartments were identified using a biotinylated anti-mouse LAMP antibody followed by an Alexa Fluor 488 streptavidin-conjugated antibody. Coverslips were applied with mounting medium containing DAPI to stain nuclei. Images were acquired with a Leica DM 4500B microscope (Leica Microsystems, Buffalo Grove, IL) fitted with a Retiga 2000R camera (QImaging, Surrey, BC, Canada) and by using QCapture Pro software (QImaging). Adobe Photoshop CS3 version 10.0.1 (Adobe, San Jose, CA) was used to create color overlay images as well as to make global manipulations to the linear parameters of blackpoint and individual color brightness for each experiment.
Preactivated macrophage infection assay. In order to specifically study the intracellular antimicrobial effects of fully activated macrophages, we preactivated adhered macrophages with IFN-␥ (10 ng/ml) or pretreated macrophages with ceftazidime (10 g/ml) for 18 h prior to infection. Following the 18-h pretreatment, macrophages were infected with B. thailandensis E264 at a multiplicity of infection of 5. Since we expected rapid killing of bacteria in IFN-␥-preactivated macrophages, the infection time was only 30 min so that we could more quickly observe killing effects. Following the 30-min infection, macrophages were washed once with 2 ml of PBS, and high-dose kanamycin monosulfate (350 g/ ml) was applied to kill extracellular bacteria for 1 h. Macrophages were then washed twice with 2 ml of PBS, and cMEM was applied to the macrophages for up to 6 h. In order to ensure that only pretreatment effects were evaluated, no treatments were present during the infection or the 6-h assay. When NAC (50 mM) or GSH (50 mM) was used in the preactivated macrophage infection assay, these additional treatments were added for 3 h prior to infection and washed off with 1 ml PBS prior to the infection. Extracellular bacterial killing assay. In order to evaluate the effects of the treatments on bacterial killing alone, we used a macrophage-free bacterial killing assay consisting of bacteria and treatments only. Our goal was to simulate the exact extracellular environment of our resting macrophage infection model but in the absence of macrophages. Therefore, we used the same treatment concentrations, the same medium (cMEM) and volume of medium in wells (500 l), and the same incubation conditions and times. Treatments were prepared ahead of time, diluted in cMEM, and added to 24-well plates at a total volume of 100 l for treatments. Meanwhile, B. thailandensis was grown to mid-logarithmic phase from an overnight culture and diluted in cMEM, and 400 l was added to the 24-well plate already containing the treatments. The initial density of bacteria was 1 ϫ 10 7 CFU/well. Plates were incubated at 37°C with 5% CO 2 for 18 h to simulate the same incubation conditions as our resting macrophage infection assay. After 18 h, well contents were resuspended by slowly pipetting up and down, and surviving bacteria were enumerated by plating serial dilutions of well contents on LB agar and counting colonies after 24 to 48 h.
Flow cytometry. Macrophages were treated in 24-well plates at a density of 4 ϫ 10 5 cells/ml. After treatment, the cells were washed with PBS and detached with 0.25% trypsin with EDTA. Cells were incubated with either 5 M carboxy-H2DCFDA for 30 min at 37°C or with 40 M mBCl for 20 min at room temperature in the dark, as previously done (27) . Data were collected on more than 50,000 cells per sample using a Gallios flow cytometer (Beckman Coulter, Brea, CA) and analyzed using FlowJo software version 7.6.5 (Tree Star, Ashland, OR).
Statistical analyses. Means, standard errors of the means (SEM), and P values were determined and plotted using Prism software version 5.00 (GraphPad, La Jolla, CA). For comparisons of two groups, a two-tailed Student t test was used to determine statistically significant differences. For comparisons of three or more groups, the one-way analysis of variance (ANOVA) was used followed by Tukey's posttest for multiple comparisons. Grouped data were analyzed by two-way ANOVA, and statistical synergy was determined as before (28) from the interaction P value of a two-way ANOVA. All differences were considered statistically significant for P values of Ͻ0.05.
RESULTS
IFN-␥ combination with ceftazidime significantly reduces intracellular bacterial burden in infected macrophages.
Previously, we found that the combination of IFN-␥ with ceftazidime synergistically reduced the intracellular bacterial burden of B. pseudomallei-infected AMJ macrophages after 18 h of treatment (23) . We confirmed the IFN-␥ and ceftazidime synergistic interaction using a different macrophage cell line, RAW 264.7 ( Fig.  1A) , as well as primary bone marrow macrophages from C57BL/6, BALB/c, and ICR mice (Fig. 1B to D ), all infected with B. thailandensis. For all macrophages tested, the combination of IFN-␥ and ceftazidime significantly controlled the intracellular bacterial burden compared to ceftazidime or IFN-␥ treatment alone and as much as 3 to 4 log 10 units compared to that of untreated cells. Importantly, the IFN-␥ and ceftazidime combination, compared to untreated controls, failed to reduce bacterial burden in the murine fibroblast cell line, L929 (see Fig. S1 in the supplemental material). Taken together, these results demonstrate that the synergistic interaction between IFN-␥ and ceftazidime is exhibited by infected macrophages but not by cells incapable of phagocytosis.
Inhibitors of ROS pathway reverse synergistic interaction between IFN-␥ and ceftazidime. We considered several mechanisms by which IFN-␥, with no direct bactericidal effects itself, could trigger the synergistic interaction with ceftazidime. These included induction of nitric oxide production, increased uptake of ceftazidime, and induction of ROS responses in IFN-␥-stimulated macrophages. Increased nitric oxide production was eliminated as a potential mechanism of synergy after specific inhibitors of the pathway failed to reverse the combination therapy synergy (see Fig. S2 in the supplemental material). Furthermore, direct quantization of intracellular ceftazidime concentrations showed no increased uptake of ceftazidime due to IFN-␥ stimulation (R. Troyer and S. Dow, unpublished data). We were then left to explore IFN-␥ induction of ROS pathways as a mechanism of synergy.
We reasoned that if IFN-␥ synergized with ceftazidime through a ROS-mediated pathway, blocking ROS pathways using specific inhibitors should abolish the synergy. We found that NAC, an antioxidant and cysteine precursor for GSH synthesis (29) (30) (31) , reversed the synergistic killing of the combination therapy in a concentration-dependent manner ( Fig. 2A) . We also observed this effect using B. pseudomallei 1026b (E. Silva and S. Dow, unpublished data). This led us to hypothesize that NAC was functioning through increased production of GSH, a prominent cellular antioxidant and ROS scavenger in macrophages (29, (32) (33) (34) (35) (36) (37) (38) . To test this hypothesis, we measured intracellular GSH concentrations using monochlorobimane (mBCl) and confirmed that treatment with NAC increased GSH content (Fig. 2B ) and also decreased total ROS levels in IFN-␥ and ceftazidime-treated macrophages (Fig. 2C) . Finally, when GSH was substituted directly for NAC, we observed a similar titratable effect of reversing the IFN-␥ and ceftazidime synergistic killing of intracellular B. thailandensis (Fig. 2D) and B. pseudomallei (Silva and Dow, unpublished). Based on these findings, we concluded that inhibitors of ROS pathways reversed the killing activity of IFN-␥ and ceftazidime, consistent with a ROS-mediated mechanism of synergy.
IFN-␥ induces ROS production in macrophages. We confirmed increased levels of intracellular ROS due to IFN-␥ stimulation in uninfected macrophages and found that IFN-␥ increased ROS as early as 6 h poststimulation, with increasing levels through 24 h (Fig. 2E) . Significantly, the time required for the start of ROS induction, 6 h, coincided with the time it took for the combination of IFN-␥ and ceftazidime to begin control of intracellular bacterial macrophages from C57BL/6 mice (B), BALB/c mice (C), or ICR mice (D) were infected with B. thailandensis and treated with ceftazidime (10 g/ml for RAW 264.7 cells, 3 g/ml for bone marrow macrophages), IFN-␥ (10 ng/ml), or the combination of ceftazidime and IFN-␥ for 18 h. Intracellular bacteria were then enumerated by plating macrophage lysates. Synergistic interactions between ceftazidime and IFN-␥ were determined by two-way ANOVA (*, P Ͻ 0.01; **, P Ͻ 0.001; ***, P Ͻ 0.0001). Graphs are representative of data from two independent experiments with treatment groups run in triplicate.
burden, as seen in our previous study (23) . We also observed increased ROS in bone marrow macrophages following IFN-␥ stimulation (Silva and Dow, unpublished). In infected macrophages, IFN-␥ but not ceftazidime increased intracellular ROS levels (Fig. 2F) . Combined, these results indicated that uninfected and infected macrophages increased production of ROS due to stimulation with IFN-␥.
Inducers of ROS can interact with ceftazidime to increase killing of intracellular B. thailandensis. We next argued that if the IFN-␥ effect was ROS mediated, then other prooxidant drugs that increased ROS should also interact with ceftazidime to enhance killing of intracellular Burkholderia bacteria. BSO specifically inhibits the rate-limiting step in GSH synthesis (29) , depleting GSH content through prevention of biosynthesis and resulting in increased intracellular ROS as a result of decreased antioxidant activity (39) (40) (41) (42) (43) (44) . To address the role of ROS induction by non-IFN-␥ pathways, BSO was combined with ceftazidime and/or IFN-␥ in B. thailandensis-infected macrophages (Fig. 3A) , and the effect on intracellular bacterial burden was assessed. The combination of BSO with ceftazidime produced the same degree of intracellular killing as the combination of IFN-␥ with ceftazidime, an effect which was reversed by the addition of exogenous GSH (Fig. 3A) . This effect of BSO was confirmed in B. pseudomallei (see Fig. S3 in the supplemental material). It should be noted that BSO treatment did not affect internalization of bacteria (Mosovsky and Dow, unpublished). We also confirmed that treatment with BSO increased intracellular concentrations of ROS in B. thailandensisinfected macrophages and further increased ROS levels above those triggered by IFN-␥ alone (Fig. 3B) . Analysis of these results corroborates the hypothesis that BSO was acting as a prooxidant in our macrophage infection model. Finally, we showed that treatment with BSO decreased intracellular GSH concentrations as predicted (Fig. 3C) . These results demonstrated, therefore, that inducers of ROS could substitute for IFN-␥ and interact with ceftazidime to synergistically reduce intracellular bacterial burden.
IFN-␥, but not ceftazidime, mediates intracellular killing of bacteria through ROS responses. After showing a major role for IFN-␥-induced ROS responses in the mechanism of synergy with ceftazidime, we next hypothesized that IFN-␥-induced ROS was directly responsible for killing intracellular bacteria. To investigate this hypothesis, we turned to a preactivated macrophage infection model to determine the intracellular killing potential of macrophages that were already fully activated by IFN-␥. Shortening the assay to 6 h instead of 18 h enabled us to more accurately describe killing in the intracellular compartment without confounding by overgrowth of extracellular bacteria. Macrophages were preactivated with IFN-␥ for 18 h and then infected with B. thailandensis (see Materials and Methods for further details). Bacteria that had been taken up into the intracellular compartment during the initial infection were steadily killed over the entire 6-h assay (Fig. 4A) . Conversely, Burkholderia bacteria actually replicated inside untreated macrophages over the same amount of time.
We had previously found that whole-cell intracellular concentrations of ceftazidime (either alone or without IFN-␥ stimulation) were more than 50-fold below the MIC of ceftazidime (Troyer and Dow, unpublished). However, we speculated that ceftazidime might be more concentrated in specific compartments within the macrophage, and if this was the case, ceftazidime might still have a role in killing intracellular bacteria. We therefore pre- 264.7 macrophages were preactivated with IFN-␥ (10 ng/ml) for 18 h prior to infection with B. thailandensis. At the indicated times, lysates were plated to enumerate surviving intracellular bacteria. (A) Time course of intracellular killing due to preactivation with IFN-␥ prior to infection. The difference in intracellular bacterial numbers at time t ϭ 0 between untreated and preactivated macrophages was likely due to the time lapse between the initial start of infection and the end of the kanamycin treatment step. Significant differences compared to the untreated control were assessed at each time point by twoway ANOVA (***, P Ͻ 0.001). (B) Intracellular bacterial burden after 6 h of infection in macrophages pretreated with IFN-␥ (as before) or with ceftazidime (10 g/ml). Statistical differences were assessed by one-way ANOVA, a Ͼ b (P Ͻ 0.0001). (C) NAC (50 mM) or GSH (50 mM) were applied to macrophages for the last 3 h of the pretreatment regimen. Then all treatments were washed off and macrophages were infected with B. thailandensis. Intracellular bacterial burden was assessed 6 h after the end of the kanamycin step by plating lysates, a Ͼ b Ͼ c Ͼ d (P Ͻ 0.05). Data are representative of results from two independent experiments run in triplicate. In order to maximally deplete intracellular GSH, all BSO groups also received BSO treatment 18 to 24 h prior to infection. Intracellular bacteria were then enumerated by plating macrophage lysates. Significant differences between controls and BSO-treated groups were determined by two-way ANOVA (*, P Ͻ 0.05). (B) Histogram overlays of intracellular ROS after macrophage infection with B. thailandensis and treatment with BSO (5 mM) or the combination of IFN-␥ and BSO for 12 h as measured by carboxy-H2DCFDA and flow cytometry; (C) mean fluorescent intensity of intracellular mBCl, indicating GSH content, after 18 h of treatment with 5 mM BSO (**, P ϭ 0.0079). All data are representative of results from at least two independent experiments. treated macrophages for 18 h with IFN-␥ (as before), ceftazidime, or the combination of both drugs. We then removed all treatments and infected the macrophages with B. thailandensis. After 6 h, we lysed the macrophages and determined surviving bacteria. Only macrophages pretreated with IFN-␥ showed intracellular killing of B. thailandensis during the 6-h assay (Fig. 4B) . Ceftazidime-pretreated macrophages were both unable to control intracellular replication and unable to enhance the killing effect seen with IFN-␥ alone. These results suggest that over 18 h, ceftazidime is unable to accumulate in macrophages to an extent that could reduce or control intracellular bacterial numbers.
Finally, we showed that antioxidants NAC and GSH could both partially reverse the intracellular killing of B. thailandensis in IFN-␥-activated macrophages, suggesting a role for IFN-␥-induced ROS responses in the direct killing of intracellular bacteria (Fig. 4C) .
B. thailandensis fails to escape the phagosome and polymerize actin inside IFN-␥-treated macrophages. In order to understand how IFN-␥-induced ROS could increase killing of intracellular bacteria, we turned to fluorescence microscopy (Fig. 5) . Microscopy revealed that B. thailandensis polymerized actin inside untreated or ceftazidime-treated macrophages (Fig. 5A and B) but failed to polymerize host cell actin in macrophages treated with IFN-␥ (Fig. 5C and D) . The failure to polymerize actin was recapitulated with BSO treatment as well (see Fig. S4 in the supplemental material), suggesting ROS involvement. Since Burkholderia bacteria polymerize host cell actin only after vacuolar escape into the cytoplasm (9-11), an investigation was prompted to determine whether bacteria inside IFN-␥-treated macrophages failed to escape the phagosome. We used fluorescence microscopy to quantitate the ratio of bacteria inside IFN-␥-treated macrophages that colocalized with lysosome-associated membrane protein 1 (LAMP-1) compared to that of untreated controls. Indeed, we found that IFN-␥-treated macrophages had a higher proportion of bacteria that colocalized with LAMP-1 ϩ -containing vacuoles than untreated controls, suggesting that bacteria failed to escape the phagosome in the IFN-␥-treated groups (Fig. 6 ). This explanation is consistent with the lack of actin tails on Burkholderia bacteria inside macrophages treated with IFN-␥ or BSO.
We also revealed a decrease in the proportion of macrophage nuclei associated with multinucleated giant cells (MNGCs) in macrophages treated with IFN-␥ compared to that of untreated controls (Fig. 5A to D) . In untreated controls, an average of 83%
FIG 5 B. thailandensis fails to form actin tails inside IFN-␥-treated macrophages. RAW cells were infected with B. thailandensis and not treated (A) or treated
with ceftazidime (10 g/ml) (B), IFN-␥ (10 ng/ml) (C), or ceftazidime and IFN-␥ (D) for 12 h. Macrophages were then fixed, permeabilized, and stained with phalloidin to identify host cell actin (green), DAPI to stain nuclei (blue), and anti-Burkholderia serum followed by secondary antibody conjugated to Cy3 to identify B. thailandensis (red). Images were captured under ϫ40 magnification. Actin tails are seen as bright green protrusions from the red bacteria in panels A and B. Images are representative of data from three independent experiments. (Ϯ7%) of nuclei were associated with MNGCs, whereas only 6% (Ϯ3%) of nuclei of IFN-␥-treated macrophages were associated with MNGCs (P Ͻ 0.0001 by Student's t test). Noting the similarities of appearance (including MNGC formation and actin tail polymerization) between ceftazidime and untreated controls, we hypothesized that the main contribution of ceftazidime to the synergism must be primarily through extracellular killing, while the role of IFN-␥ may be more focused on intracellular control of bacterial burden. We next conducted experiments to determine the specific contribution of ceftazidime to the mechanism of synergy.
Ceftazidime controls primarily extracellular bacterial burden. After showing that ceftazidime had no role in killing intracellular bacteria (Fig. 4B) , we began to investigate the specific contribution of ceftazidime to the mechanism of synergy. We found that ceftazidime appeared to play a role in controlling extracellular bacterial burden during the macrophage infection (Fig. 7A) . However, we also found that while IFN-␥ had no effect on extracellular bacterial burden itself, it significantly enhanced the ceftazidime effect. This result prompted us to investigate whether IFN-␥ was itself bactericidal or could possibly increase antibiotic killing. In our extracellular bacterial killing assay, we reproduced the same in vitro culture conditions, this time in a macrophagefree system (see Materials and Methods), and found that IFN-␥ had no bactericidal effects alone and did not significantly increase killing due to ceftazidime (Fig. 7B) . Together, these results show that ceftazidime kills primarily extracellular bacteria in our macrophage infection model, though IFN-␥ activation of macrophages can contribute to reduction of extracellular numbers, presumably by limiting the return of intracellular bacteria to the extracellular compartment.
After showing only a partial role for GSH to reverse IFN-␥-mediated intracellular killing (Fig. 4C) , we were especially interested in whether GSH could reverse ceftazidime-mediated extracellular killing. In our macrophage-free bacterial killing assay, we showed that GSH reversed ceftazidime-mediated killing in a dosedependent manner, with complete reversal of killing at 100 mM (Fig. 7C ).
DISCUSSION
We previously described how IFN-␥ synergistically enhanced killing of intracellular Burkholderia bacteria by ceftazidime and suggested that such an approach might be used to improve the effectiveness of antibiotic therapy for melioidosis (23) . Here, we have shown that the mechanism of synergy between IFN-␥ and ceftazidime is mediated primarily by IFN-␥-induced ROS responses to control intracellular spread and replication of Burkholderia bacteria, combined with ceftazidime control of extracellular bacterial burden. Initially, ROS involvement was supported by experiments in which ROS inhibitors reversed the synergistic killing elicited by the combination of IFN-␥ and ceftazidime. Moreover, a chemical inducer of ROS (BSO) essentially recapitulated the IFN-␥ effect in terms of potentiating bacterial killing by ceftazidime. We further showed evidence that IFN-␥-induced ROS could directly kill intracellular bacteria and that both prooxidant drugs, IFN-␥ and BSO, prevented bacteria from polymerizing host cell actin, which led to our discovery that IFN-␥ prevents bacterial escape from the phagolysosome. Previous reports indicate a role for IFN-␥, and IFN-␥-induced ROS, in preventing vacuolar escape of other intracellular bacterial pathogens (45) (46) (47) . Given that vacuolar escape and actin polymerization are thought to be essential for intracellular replication and cell-to-cell spread of Burkholderia infection (5, 9, 10, 48), our results shed new light on the importance of IFN-␥ to limit the spread of infection by controlling intracellular bacterial burden. We also found that macrophages activated by IFN-␥ contributed to reducing the extracellular bacterial burden when combined with ceftazidime (Fig. 7A ). This suggests that by controlling the intracellular bacterial burden, IFN-␥ indirectly controls the extracellular bacterial burden as well, presumably by limiting actin tail protrusions and escape into the extracellular space.
We next showed that the contribution of ceftazidime to the synergistic killing was mediated entirely by killing and blocking replication of extracellular bacteria. When applied extracellularly at 10 g/ml, the intracellular concentration of ceftazidime inside RAW 264.7 macrophages were infected with B. thailandensis and treated for 24 h with IFN-␥ (10 ng/ml), ceftazidime (10 g/ml), or the combination of IFN-␥ and ceftazidime. Extracellular bacterial burden was assessed at 0, 6, 10, and 24 h posttreatment by plating serial dilutions of well supernatants. Significant differences were assessed at all time points by two-way repeated-measures ANOVA and compared to the untreated control (*, P Ͻ 0.05; ***, P Ͻ 0.001).
(B and C) B. thailandensis was treated with ceftazidime (10 g/ml), IFN-␥ (10 ng/ml), or the combination of both treatments for 18 h in the absence of macrophages. Surviving bacteria were enumerated by plating dilutions of remaining bacteria in wells after 18 h of treatments. Significant differences were assessed by one-way ANOVA, a Ͼ b Ͼ c Ͼ d (P Ͻ 0.0001). All graphs are representative of results from two independent experiments with treatment groups run in triplicate.
macrophages was still approximately 50-fold below the MIC and was unable to kill or inhibit the growth of intracellular bacteria. It is possible that at much higher concentrations, ceftazidime may better penetrate into the macrophages and therefore have a small role in killing intracellular bacteria or at least inhibiting their growth. Future experiments will determine if the role of ceftazidime would change with much higher doses. We also observed a complete reversal of antibiotic killing when GSH was added to our macrophage-free bacterial killing assay. While this effect might indicate a role for ROS in the mechanism of ceftazidime killing, newer evidence suggests that GSH protects bacteria against antibiotics through a mechanism independent of ROS scavenging, which may involve blocking or inactivating antibiotic activity (49) . Thus, we now show that GSH can block bacterial killing by scavenging IFN-␥-induced ROS in the intracellular compartment and secondly by interference with ceftazidime killing by some yetunknown mechanism.
In summary, we propose that the in vitro macrophage infection model is a dynamic system involving both extracellular and intracellular bacteria, in which the bacterial burden of one compartment may influence the burden of the other compartment (Fig. 8) . In the absence of an antibiotic, the extracellular bacteria replicate to large quantities and continue to invade into macrophages, leading to high intracellular bacterial burdens as well. In the absence of IFN-␥, the bacteria that invade the macrophages are capable of rapid intracellular replication, leading to high intracellular bacterial burdens. Actin polymerization and protrusions from the cell membrane contribute to spread of the infection but likely increase extracellular bacterial burden, too. Therefore, it seems that IFN-␥-induced ROS and ceftazidime are necessary but insufficient by themselves to defend against Burkholderia infection in vitro. It is only with the combination of intracellular control by IFN-␥ and extracellular control by ceftazidime that the bacterial burden is synergistically reduced in both compartments and the system as a whole.
There are multiple reports that IFN-␥ treatment of macrophages can greatly increase killing of intracellular B. pseudomallei (20, 22, (50) (51) (52) . However, in this report, we first show that IFN-␥ by itself has a negligible role in controlling intracellular B. thailandensis infection (Fig. 1) . We believe this discrepancy may be explained by differences in the macrophage infection models, in particular the relative order and timing of IFN-␥ stimulation prior to macrophage infection. We (Fig. 4) and others have shown that when macrophages are preactivated with IFN-␥ prior to infection, or when IFN-␥ is coadministered during the infection, there is significant antimicrobial activity and killing of intracellular bacteria (20, 22, (50) (51) (52) (53) . However, when macrophages are activated with IFN-␥ after infection (Fig. 1) , then the activity of IFN-␥ is considerably diminished. One explanation for the decreased activity of IFN-␥ in the postactivation model is that by the time ROS is maximally induced by IFN-␥ stimulation, the macrophage is already overwhelmed by the infection and the ROS response is too little too late in eliminating the pathogen. Another explanation is that Burkholderia bacteria have already induced expression of suppressor of cytokine signaling 3 (SOCS3) and cytokine-inducible Src homology 2-containing protein (CIS) in the macrophage, both of which interfere with IFN-␥ signaling and can lead to decreased elimination of Burkholderia bacteria in infected macrophages (53) . Either way, it is apparent that preactivation and postactivation of infected macrophages elicit very different antimicrobial responses. While both models (preactivation and postactivation of infected macrophages) have their advantages and disadvantages, we argue that the postactivation model may more closely mimic the events in a natural infection, wherein the host cell is infected first and an immune response is mounted secondarily.
In the current study, we have provided unambiguous evidence of a key role for IFN-␥-induced ROS responses to synergize with antibiotics to control B. pseudomallei infection in macrophages. There is already a well-documented role for IFN-␥-induced reactive nitrogen species (RNS) in the killing of B. pseudomallei, typically through induction of inducible nitric oxide synthase (iNOS) (18, 19, (50) (51) (52) . However, there are far fewer studies investigating a role for IFN-␥-induced ROS responses. For example, in vivo knockout studies by Brietbach and colleagues showed that NADPH oxidase, but not iNOS, was important for controlling mortality during acute-phase infection with B. pseudomallei (16) . Furthermore, two studies have shown a role for IFN-␥-induced ROS response control of bacterial burden during acute-phase infection with B. pseudomallei (16, 18) . Finally, melioidosis susceptibility is reported to be higher in patients with chronic granulomatous disease, who lack a functional NADPH phagocyte oxidase, suggesting a role for NADPH oxidase-generated ROS responses in melioidosis protection (54, 55) . While IFN-␥-induced antimicro-
FIG 8
Compartmentalized killing describes the mechanism of synergy between IFN-␥ and ceftazidime. We propose that during the macrophage infection assay, there is a dynamic exchange between bacteria in the intracellular and extracellular compartments. Therefore, it is only with IFN-␥ control of intracellular spread and replication, combined with ceftazidime control of extracellular bacterial burden, that synergy is achieved with low bacterial burden in the system as a whole.
bial mechanisms are complex, we believe that there are important roles for both IFN-␥-induced RNS and ROS responses and that the relative importance of these roles depends in part on the current activation state of the host immune cells at the time of initial infection.
Finally, based on our results, we suggest caution when using the standard kanamycin protection assay to define IFN-␥ effects on regulation of intracellular bacterial infections. We propose that in most macrophage infection models, any addition of extracellular antibiotics during the treatment period is likely enhancing the overall bacterial killing in the system as a whole, by reducing the number of viable bacteria that can reinfect healthy cells. By this logic, the kanamycin protection assay is likely another example of immuno-antimicrobial synergy, and the observed results are due to the effects of both the antibiotic and IFN-␥.
In conclusion, we have shown that IFN-␥-induced ROS controls intracellular bacterial burden while ceftazidime controls primarily extracellular bacterial burden of Burkholderia-infected macrophages. Together, they synergize to reduce the bacterial burden of the system as a whole. The ability of IFN-␥-induced ROS to contain bacteria within the phagolysosome and prevent their escape into the cytoplasm suggests that IFN-␥ may help control cell-to-cell spread of this intracellular pathogen. Our results also suggest that certain antioxidants may prevent bacterial killing by scavenging ROS and by interference with the action of antibiotics. On the other hand, prooxidant drugs that increase intracellular ROS responses may be used to nonspecifically enhance antibiotic activity against Burkholderia and other intracellular bacterial pathogens.
